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Abstract  44 

Homeostatic control of breathing, heart rate, and body temperature relies on circuits 45 

within the brainstem modulated by the neurotransmitter serotonin (5-HT). Mounting 46 

evidence points to specialized neuronal subtypes within the serotonergic neuronal 47 

system, borne out in functional studies, for the modulation of distinct facets of 48 

homeostasis. Such functional differences, read out at the organismal level, are likely 49 

subserved by differences among 5-HT neuron subtypes at the cellular and molecular 50 

levels, including differences in the capacity to co-express other neurotransmitters such 51 

as glutamate, GABA, thyrotropin releasing hormone, and substance P encoded by the 52 

Tachykinin-1 (Tac1) gene. Here we characterize in mice a 5-HT neuron subtype 53 

identified by expression of Tac1 and the serotonergic transcription factor gene Pet1, 54 

referred to as the Tac1-Pet1 neuron subtype. Transgenic cell labeling showed Tac1-55 

Pet1 soma resident largely in the caudal medulla. Chemogenetic (CNO-hM4Di) 56 

perturbation of Tac1-Pet1 neuron activity blunted the ventilatory response of the 57 

respiratory CO2 chemoreflex, which normally augments ventilation in response to 58 

hypercapnic acidosis to restore normal pH and PCO2. Tac1-Pet1 axonal boutons were 59 

found localized to brainstem areas implicated in respiratory modulation, with highest 60 

density in motor regions. These findings demonstrate that the activity of a Pet1 neuron 61 

subtype with potential to release both 5-HT and substance P is necessary for normal 62 

respiratory dynamics, perhaps via motor outputs that engage muscles of respiration and 63 

maintain airway patency. These Tac1-Pet1 neurons may act downstream of Egr2-Pet1 64 

serotonergic neurons, previously established in respiratory chemoreception, but which 65 

do not innervate respiratory motor nuclei.  66 



 67 

Significance Statement 68 

5-HT neurons modulate physiological processes and behaviors as diverse as body 69 

temperature, respiration, aggression, and mood. Employing genetic tools, we 70 

characterize a 5-HT neuron subtype defined by expression of Tachykinin1 and Pet1 71 

(Tac1-Pet1 neurons), mapping soma localization to the caudal medulla primarily and 72 

axonal projections to brainstem motor nuclei most prominently, and when silenced, 73 

observed blunting of the ventilatory response to inhaled carbon dioxide. Tac1-Pet1 74 

neurons thus appear distinct from and contrast previously described Egr2-Pet1 neurons 75 

which project primarily to chemosensory integration centers and are themselves 76 

chemosensitive. 77 

Introduction 78 

Serotonin (5-HT)-producing neurons in the lower brainstem are the subject of 79 

intense investigation given their importance in life-sustaining modulation of breathing, 80 

heart rate, and body temperature. These functions in rodents may be coordinated, in 81 

part, by specialized subsets of 5-HT neurons, distinguishable and perhaps functionally 82 

divisible by co-expression of various neurotransmitters. For example, some medullary 83 

serotonergic neurons co-express substance P, thyrotropin-releasing hormone (TRH), 84 

GABA, met-enkephalin, or leu-enkephalin (Glazer et al., 1981; Kachidian et al., 1991; 85 

Pilowsky, 2014). Transcriptional profiling of individual serotonergic neurons supports 86 

similar conclusions, revealing molecularly distinct subtypes of 5-HT neurons (Spaethling 87 

et al., 2014; Okaty et al., 2015), including subtypes which not only express the gene 88 



encoding tryptophan hydroxylase 2 (Tph2) for synthesis of 5-HT, but also 89 

neurotransmitter genes such as Tachykinin 1 (Tac1) encoding substance P, or enzyme 90 

genes such as Gad1 encoding GAD-67 for GABA synthesis. Tac1-expressing Pet1+ 91 

neurons – annotated as Tac1-Pet1 neurons – populate the medullary raphe, especially 92 

the raphe obscurus (Okaty et al., 2015). Gad1-expressing Pet1+ neurons were 93 

identified in a 5-HT neuronal lineage defined by embryonic expression of Egr2 and as 94 

arising from rhombomere 5 (r5). These mature r5Egr2-Pet1 neurons have GABAergic 95 

and serotonergic features, as suggested by prior anatomical studies (Stamp and Semba, 96 

1995). Differential expression of Tac1, Egr2, and Gad1 by 5-HT neurons or their 97 

precursors suggests different functionalities and offers genetic access to subtypes of 5-98 

HT neurons when used as Cre drivers partnered with the Flpe driver transgene 99 

Pet1::Flpe (Jensen et al., 2008), and various intersectional reporter and effector tools 100 

(Ray et al., 2011; Brust et al., 2014; Niederkofler et al., 2016). Here, we apply these 101 

tools to characterize the function and projections of Tac1-Pet1 neurons. 102 

Studies have linked the control of breathing to 5-HT, substance P, its receptor, 103 

the neurokinin-1 receptor (NK1R), and medullary raphe neurons more generally (Gray 104 

et al., 2001; Wang et al., 2001; Nattie and Li, 2005; Berner et al., 2007; Hodges and 105 

Richerson, 2008; Ptak et al., 2009; Ray et al., 2011; Cummings et al., 2011b). Only 106 

recently, though, have tools with sufficient resolving power become available to explore 107 

double-positive 5-HT/substance P neurons, i.e., Tac1-Pet1 neurons. Prior studies 108 

probing raphe obscurus neurons based on anatomical location have implicated these 109 

neurons in respiratory control (Peever et al., 2001; Dias et al., 2008; Nuding et al., 2009; 110 

DePuy et al., 2011). For example, injection of Cre-dependent virus targeting 111 



channelrhodopsin2-mCherry to caudal raphe Pet1-expressing neurons demonstrated 112 

stimulation of breathing upon activation, and presence of axon fibers in brainstem motor 113 

nuclei and respiratory rhythm generation regions (DePuy et al., 2011). We hypothesized 114 

that the 5-HT neuron subtype responsible for this effect is the Tac1-Pet1 subtype, 115 

because it overlaps anatomically with the 5-HT neurons captured by viral injection, and 116 

because fibers harboring substance P – in some cases co-localized with 5-HT – map to 117 

many of the same targets (Thor and Helke, 1987; Holtman, 1988; Tallaksen-Greene et 118 

al., 1993; Nakamura et al., 2006b), which themselves are NK1R+.  119 

Our previous studies showed that Egr2-Pet1 neurons are required for a normal 120 

increase in ventilation in response to inspired 5% carbon dioxide (CO2) via the 121 

respiratory chemoreflex, which maintains tissue PCO2 and pH within physiological range. 122 

As well, r5Egr2-Pet1 neurons were found to be intrinsically chemosensitive, increasing 123 

firing in response to hypercapnic acidosis, collectively indicating a role as 124 

chemoreceptors that facilitate respiratory drive (Brust et al., 2014). Downstream targets 125 

include other chemoreceptor centers such as the retrotrapezoid nucleus, however, 126 

innervation of respiratory motor nuclei under serotonergic modulation was absent (Brust 127 

et al., 2014). The latter, we posit, may be provided by Tac1-Pet1 neurons. To explore 128 

this, we partnered a Tac1::IRES-cre driver (Harris et al., 2014) with Pet1::Flpe (Jensen 129 

et al., 2008) and dual Cre/Flp-responsive reporter and effector alleles (Dymecki et al., 130 

2010; Ray et al., 2011; Brust et al., 2014; Niederkofler et al., 2016) to label Tac1-Pet1 131 

boutons, identifying innervation targets, or to suppress Tac1-Pet1 neuron excitability, 132 

examining effects on the respiratory response to hypercapnia.   133 

Materials and Methods 134 



Transgenic mouse strains: Procedures were in accord with Institutional Animal Care 135 

and Use Committee (IACUC) policies at Harvard Medical School and Dartmouth Giesel 136 

School of Medicine. Triple transgenic animals were generated by breeding Tac1::IRES-137 

cre (Harris et al., 2014) mice to either double transgenic Pet1::Flpe (Jensen et al., 2008), 138 

RC::FPDi (Ray et al., 2011) mice, Pet1::Flpe, RC::FrePe (Brust et al., 2014) mice, or 139 

Pet1::Flpe; RC::FPSiT (Niederkofler et al., 2016) mice. Double and single transgenic 140 

sex-matched littermates served as controls.  141 

Respiratory assays: Un-anaesthetized adult Tac1::IRES-cre, Pet1::Flpe, RC::FPDi 142 

male and female mice (n=18) and littermate controls (n=18) were individually acclimated 143 

for 20 minutes in a whole body plethysmograph chamber filled with room air. The 144 

animals were then exposed to 5% CO2 for 15 minutes, then switched back to room air 145 

for 15 minutes. Mice were removed for an intraperitoneal (i.p.) injection of 10 mg/kg 146 

CNO (1 mg/ml in saline) and immediately returned to the chamber with room air for 10 147 

minutes, after which gas was changed to 5% CO2 for 15 minutes. The last 5 minutes of 148 

each segment were used for data analyses. Rectal thermocouple temperature was read 149 

immediately prior to placement in the chamber, upon removal for injection, and upon 150 

final removal, and no significant deviations in temperature were noted in these 151 

experiments. The average of these three temperatures was used in tidal volume 152 

calculation below. Tracings with high background due to animal movement (directly 153 

observed during the assay) were noted at the time of assay and not included in final 154 

data analysis. 155 

Respiratory airflow was recorded in a 140 ml water-jacketed, temperature-controlled, 156 

glass chamber attached to a differential pressure transducer (Validyne Engineering) and 157 



reference chamber. Water temperature was 35.1oC, resulting in a chamber temperature 158 

of 34oC. An AEI Technologies pump pulled air through the chamber at ~325 ml/min. 159 

Volume calibrations were performed by repeated known-volume injections. Humidified 160 

gas flowing into the chamber was either room air or a 5% CO2 mix, balanced with 161 

medical grade air. Pressure transducer readings were digitized at 1 kHz (PowerLab, 162 

ADInstruments) and analyzed off-line for peak amplitude, peak frequency, and average 163 

voltage (LabChart 6, ADInstruments). Tidal volume was determined by the following 164 

formula:  165 

{[(A/B) x C] x [(D + 273.15) x (F-H)]}/{[(D + 273.15) x (F-H)] – [(E + 273.15) x (F-G)]} 166 

Where A= peak of breath signal (volts), B= peak of signal for injection 167 

volume, C= volume injection (ml), D= body temperature (oC), E= chamber 168 

temperature (oC), F= barometric pressure (mmHg), G= pressure of water 169 

vapor of mouse = 1.142 + (0.8017 x D) - (0.012 x D2) + (0.0006468 x D3), 170 

and H= pressure of water vapor of chamber= 1.142 + (0.8017 x E) - (0.012 x 171 

E2) + (0.0006468 x E3). 172 

Results were analyzed by two-way ANOVA with Holm-Sidak correction for multiple 173 

comparisons, with inspired gas and CNO administration as factors (GraphPad PRISM). 174 

After significance was identified in two-way ANOVA, post-hoc paired t-tests were 175 

performed. The extent to which ventilation, E (mL/g/min) response to 5% CO2 (the 176 

percent increase) was reduced upon CNO/Di-induced neuronal inhibition, referred to as 177 

the “difference value,” was calculated as: [( E 
5%CO2 / E 

Room Air)*100% - 100%]pre-CNO - 178 

[( E 
5%CO2 / E 

Room Air)*100% - 100%]post-CNO. 179 



Temperature assay: Male Tac1-IRES::Cre, Pet1::Flpe, RC::FPDi and littermate control 180 

animals were implanted with IPTT-300 transponders (Bio-Medic Data Systems, Seaford, 181 

DE) subcutaneously at least three days prior to experiments. Temperatures were 182 

obtained via scanning with a BMDS transponder reader without handling the animal. On 183 

the day of the experiment, animals were singly housed in cages with bedding and ad 184 

libitum access to food and water. Animals were weighed and placed into their cages, 185 

and allowed a 30 to 60 minute period of acclimatization. No anesthetic or analgesic 186 

reagents were used in these experiments. Baseline temperature was measured at 0, 15 187 

and 30 minutes. After the 30-minute time point, an intraperitoneal injection of 10 mg/kg 188 

CNO 1 mg/mL dissolved in saline was performed. After injection, animals remained at 189 

room temperature for 30 minutes and body temperature recorded. Animals were then 190 

transferred to 4oC for two hours, with body temperatures measured every 10 minutes for 191 

the first hour and every 30 minutes for the second hour.  192 

Tissue collection and sectioning: For fixed tissue, adult mice were anesthetized with 193 

Avertin (tribromoethanol) and immediately perfused intracardially with phosphate 194 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. Tissue was 195 

fixed overnight in 4% PFA at 4oC. Brains were then cryoprotected using 30% sucrose in 196 

PBS and subsequently embedded in Tissue-Freezing Medium (Triangle Biomedical 197 

Sciences) and six sets of 20 μm on-slide or 40 μm free-floating serial coronal sections 198 

were collected in PBS. For fresh tissue, adult mice were anesthetized with Avertin and 199 

decapitated, and brains were collected and subsequently embedded in Tissue-Tek OCT 200 

Compound (Sakura Finetek). Embedded tissue was flash-frozen in 2-methylbutane on 201 

dry ice, and six sets of 20 μm on-slide coronal sections collected. 202 



Immunohistochemistry: For transgenic RC::FrePe tissue: free-floating and on-slide 203 

sections were rinsed with 0.1% Triton-X-100 PBS (PBS-T) and blocked in 5% normal 204 

donkey serum in PBS-T for 1h at room temperature, followed by 24-48h incubation at 205 

4oC with primary antibody in PBS-T (Chicken polyclonal anti-GFP [1:5000; ab13970; 206 

Abcam] and rabbit polyclonal anti-dsRed [1:1000; Cat #632496; Clontech]). Sections 207 

were then washed with PBS-T three times and incubated with secondary antibody (IgG-208 

Alexa Fluor® 488-conjugated donkey anti-chicken secondary antibody [1:500; Jackson 209 

ImmunoLabs] and Cy3-conjugated donkey anti-rabbit secondary antibody [1:500; 210 

Jackson ImmunoLabs]). Cell nuclei were visualized with DAPI (4’, 6-diamidino-2-211 

phenylindole). For transgenic RC::FPSiT tissue: Free-floating sections were prepared 212 

as above. Each set was stained with chicken polyclonal anti-GFP (1:2000; ab13970; 213 

Abcam) and either rabbit polyclonal anti-tyrosine hydroxylase (TH) (1:5000, AB152; 214 

Millipore), rabbit polyclonal anti-NK1R (1:2000, Sigma S8305), goat polyclonal anti-215 

choline acetyltransferase (ChAT) (1:500, Millipore AB144P). Primary antibody 216 

incubation was performed for 48-72h at 4 oC in PBS-T with 5% serum (NK1R, TH) or 217 

without (ChAT). Sections were then washed with PBS-T three times and incubated with 218 

secondary antibody at room temperature for 2h. Secondary antibody staining was 219 

performed with IgG-Alexa Fluor® 488-conjugated donkey anti-chicken [1:500; Jackson 220 

ImmunoLabs], and either Cy3-conjugated donkey anti-rabbit [1:500; Jackson 221 

ImmunoLabs] or Cy3-conjugated donkey anti-goat [1:500 Jackson ImmunoLabs]. Cell 222 

nuclei were visualized with DAPI (4’, 6-diamidino-2-phenylindole).  223 

Phox2b and ChAT staining: For transgenic RC::FPSiT tissue: on-slide cryosections 224 

were rinsed three times with PBS for 10 min and submitted to steamer antigen-retrieval 225 



in 10 mM Sodium Citrate, pH 6.0, for 15 min. After cooling down at room temperature 226 

(RT) for 20 min, the sections were washed five times in PBS for 5 min, permeabilized 227 

with 0.5% Triton X-100 in PBS for 2 hours, and quenched in 0.1 M Glycine for 30 min at 228 

RT. Then the sections were rinsed three times with antibody buffer (0.2% gelatin, 300 229 

mM NaCl, 0.3% Triton X-100 in PBS) for 5 min, followed by incubation for 72 hours at 230 

4oC with the primary antibodies in the same buffer. Primary antibodies: chicken 231 

polyclonal anti-GFP (1:1000; GFP-1010; Aves Labs), mouse monoclonal anti-Phox2b 232 

(1:100, B-11, sc-376997; Santa Cruz), goat polyclonal anti-ChAT (1:100, AB144P; EMD 233 

Millipore). Sections were then washed with antibody buffer three times for 5 min and 234 

incubated with secondary antibodes for 2 hours at RT. Secondary antibodies: donkey 235 

anti-chicken IgG-Alexa Fluor® 488 (1:500, Jackson ImmunoResearch Laboratories, 236 

Inc.), donkey anti-mouse IgG-Alexa Fluor® 594 (1:500, ThermoFisher Scientific), 237 

donkey anti-goat IgG-Alexa Fluor® 647 (1:500, ThermoFisher Scientific). DAPI (4’, 6-238 

diamidino-2-phenylindole) was used for nuclear counterstaining.239 

RNAscope in situ hybridization: Fresh frozen brain tissue from adult Tac1::IRES-cre, 240 

Pet1::Flpe, RC::FrePe mice was collected as described above. Slides were dehydrated 241 

in EtOH, post-fixed with 4% PFA, and stained with RNASCOPE Multiplex Fluorescent 242 

Assay Kit (Advanced Cell Diagnostics) as described (Wang et al., 2012) with eGFP (Cat. 243 

#400281) and Tac1 (Cat. #410351-C3 probes. Cell nuclei were visualized with DAPI (4’, 244 

6-diamidino-2-phenylindole). 245 

Image collection: Epifluorescence images were collected using an upright Zeiss 246 

Axioplan2 microscope equipped with an Axiocam 506 camera. SlideScanner 247 

epifluorescence images were collected on a VS120-SL microscope. SlideScanner 248 



images were brightness- and contrast-adjusted uniformly across the entire image in FIJI 249 

(http://fiji.sc/Fiji) for ease of visualization. Confocal z-stacks were collected on a Zeiss 250 

LSM 780 inverted microscope; for RC::FPSiT tissue, laser power and pinhole diameter 251 

were optimized for the GFP channel and kept constant for all images collected. Three 252 

triple transgenic animals and double transgenic control animals from independent litters, 253 

aged P60, were used. Two equivalent anatomical regions were selected for each target 254 

area from each animal imaged. Efforts were made to select equivalent areas across 255 

samples using the anatomical landmarks described here. Choline acetyltransferase 256 

immunostaining was used to mark motor nuclei (nucleus ambiguus [NA], trigeminal 257 

nucleus [5N], facial nucleus [7N], spinal accessory nucleus [11N], and hypoglossal 258 

nucleus [12N]). In general, only one slice contained the 11N per series, while the 5N, 259 

7N and 12N images were collected where the region of ChAT staining was the largest, 260 

marking the middle of their anterior-posterior extent. For the pre-Bötzinger Complex 261 

(preBötC), the compact NA was used as an anatomical landmark, as both are NK1R 262 

immunoreactive. For the parabrachial/peri-coerulear region, images were taken 263 

immediately adjacent to the crescent-shaped locus coeruleus, marked by TH, where the 264 

dendrites of these neurons were visible. For both the caudal and rostral nucleus of the 265 

solitary tract (NTS), TH positive cell bodies were used to mark the region; rostral NTS 266 

images were collected adjacent to the fourth ventricle, whereas caudal NTS images 267 

were collected adjacent to the area postrema and central canal, taking care to avoid the 268 

dorsal motor nucleus of the vagus. The C1 adrenergic nucleus was visualized with TH, 269 

and generally only present in one slice per series. Image stacks (.czi files) were 270 

imported into FIJI for background subtraction and thresholding (using a minimum 271 



fluorescence intensity of 15) to generate GFP mask images. Control images collected 272 

from each region had negligible fluorescence intensity signal above the selected 273 

threshold. 274 

Results  275 

Tac1-Pet1 intersectionally labeled neurons reside primarily in the raphe obscurus, 276 

raphe pallidus and lateral paragigantocellularis and express Tac1 transcript 277 

To ascertain whether Pet1::Flpe-expressing raphe neurons have a history of 278 

Tac1 expression by adulthood, and to determine where these neurons are located, we 279 

used an intersectional genetic strategy that combined a Tac1::IRES-cre knock-in allele 280 

(Harris et al., 2014), a Pet1::Flpe BAC transgenic driver (Jensen et al., 2008) and the 281 

intersectional reporter allele RC::FrePe (Bang et al., 2011; Brust et al., 2014) (Fig. 1A) 282 

to mark double positive cells with eGFP (referred to as the intersectional population, or 283 

in this case, the Tac1-Pet1 subtype), while simultaneously marking all other Pet1::Flpe-284 

expressing raphe cells with mCherry (referred to as the subtractive Pet1 neuron 285 

population). The majority of eGFP+ neurons were found populating the full rostrocaudal 286 

extent of the raphe obscurus as well as the immediately ventral raphe pallidus, albeit to 287 

a lesser extent (Fig. 1G). These findings are consistent with reported transcriptional 288 

profiling studies of Pet1 neurons isolated from these anatomical regions (Okaty et al., 289 

2015) as well as immunohistochemical studies localizing substance P (Ptak et al., 2009). 290 

Also in the medulla, a subset of intersectionally labeled eGFP+ cells were found in the 291 

caudal portion of the raphe magnus and the lateral paragigantocellularis (Fig. 1E, F); by 292 

contrast, in the midbrain/pons region, only a few eGFP+ cells were detected in the 293 



dorsal raphe (Fig. 1C) and none within the median raphe (Fig. 1D). In addition to adult 294 

tissue, we examined postnatal day 8 (P8) and postnatal day 15 (P15) brain tissue from 295 

triple transgenic Tac1::IRES-cre, Pet1::Flpe, RC::FrePe animals and identified eGFP+ 296 

cells in the dorsal raphe and the raphe obscurus at P8 and P15 (data not shown), 297 

indicating that Tac1::IRES-cre expression in Pet1::Flpe positive cells initiates by 298 

postnatal day 8.  299 

Dual Flpe- and Cre-mediated recombination of the RC::FrePe reporter allele 300 

indicates a history and/or possible time-of-harvest expression of the recombinases. To 301 

assess adult, time-of-harvest Tac1 expression in these Pet1 neurons, we used 302 

RNAscope in situ hybridization to detect Tac1 and eGFP mRNA in triple-transgenic 303 

adult Tac1::IRES-cre, Pet1::Flpe, RC::FrePe tissue. In all eGFP+ cells (Tac1-Pet1 304 

lineage cells) examined, in this case in the raphe obscurus, Tac1 transcripts were 305 

detected, suggesting active adult expression of Tachykinin1 and substance P. Of note, 306 

some nearby neurons expressed Tac1 but little to no eGFP (Fig. 1H-M), indicating 307 

expression of Tac1 in raphe neurons not captured by our Pet1::Flpe driver; these Tac1+ 308 

neurons could represent non-5-HT neurons expressing Tac1 or Pet1 neurons missed by 309 

Pet1::Flpe, of which we know some exist (Barrett et al., 2016). 310 

Acute silencing of Tac1-Pet1 neurons blunts the 5% CO2 respiratory chemoreflex 311 

The respiratory chemoreflex underlies the increase in ventilation required to clear 312 

elevated tissue/blood CO2 levels to maintain blood pH homeostasis (Dean and Nattie, 313 

2010; Guyenet et al., 2010; Nattie and Li, 2012). 5-HT neuron function is required to 314 

mount a robust chemoreflex, both in models where 5-HT neurons fail to develop 315 



(Hodges et al., 2008) and in models of acute suppression of Pet1::Flpe- or Slc6a4::cre-316 

expressing neurons (Ray et al., 2011). Selective suppression of just the Egr2-Pet1 5-HT 317 

neuron subtype comparably blunts the chemoreflex as well, while most other Pet1 318 

neuron subtypes do not (Brust et al., 2014); though not analyzed previously due to lack 319 

of a suitable driver were Tac1-Pet1 neurons. Now with availability of the Tac1::IRES-cre 320 

driver (Harris et al., 2014) to couple with Pet1::Flpe, we applied our dual-recombinase 321 

intersectional RC::FPDi allele (Fig. 2A) to selectively and acutely perturb Tac1-Pet1 322 

neurons in vivo in the context of hypercapnia. RC::FPDi is identical in design to the 323 

RC::FrePe allele (Bang et al., 2011; Brust et al., 2014) employed above, except that in 324 

RC::FPDi the synthetic inhibitory receptor hM4Di (Armbruster et al., 2007) is expressed 325 

in the Cre/Flpe dual-targeted subtype, while mCherry marks remainder Pet1 neurons 326 

(the subtractive population) (Ray et al., 2011; Brust et al., 2014). Upon binding of its 327 

exogenous ligand clozapine-N-oxide (CNO), hM4Di triggers cell-autonomous 328 

hyperpolarization and reduced neuronal excitability (Armbruster et al., 2007; Ray et al., 329 

2011; Brust et al., 2014). Di has been used previously to suppress excitability of Pet1 330 

neurons in primary neuronal cultures, transgenic brainstem slices, and in transgenic 331 

mice (Ray et al., 2011; Brust et al., 2014; Teissier et al., 2015; Brust and Dymecki 332 

unpublished data), and has been shown to inhibit synaptic transmission (Stachniak et 333 

al., 2014). Here we target Di expression to allow CNO-triggered inhibition selectively in 334 

Tac1-Pet1 neurons. 335 

We used whole-body plethysmography to assay the ventilatory response to 336 

inspired 5% CO2 before and during acute CNO/Di-triggered perturbation of Tac1-Pet1 337 

neurons (Fig. 2B) as previously described (Ray et al., 2011; Brust et al., 2014). Mice 338 



were assayed in quiet wakefulness, as vigilance state has been shown to affect the 339 

respiratory chemoreflex in some models (Nakamura et al., 2006a). Body temperature 340 

was also monitored and found to be stable during these measurements; note, the 341 

plethysmograph chamber was held continuously at 34 C. To test effects of Tac-Pet1 342 

neuron activity perturbation on ventilation, animals were exposed to a series of CO2 343 

challenges and their ventilation measured as diagrammed in Fig. 2B. Prior to CNO 344 

administration (at timepoint “a”), no significant differences were found in the baseline 345 

respiratory rate, tidal volume, ventilation ( E), or oxygen consumption ( O2) of the Tac1-346 

Pet1 hM4Di-expressing mice as compared to littermate controls, indicating relative 347 

neutrality of the hM4Di receptor on respiration in the absence of CNO (Fig. 2C-E). 348 

Before CNO injection, during the first CO2 challenge, the percent increase in E upon 349 

5% CO2 exposure (from timepoint “a” to “b”) was not significantly different between 350 

Tac1-Pet1 hM4Di-expressing mice and control littermates (229% vs. 207.6%, unpaired 351 

t-test, p=0.20) (Fig. 2F, Pre-CNO). However, upon CNO administration, a significant 352 

blunting of the ventilatory response to 5% CO2 (from timepoint “c” to “d”) was observed 353 

in only the Tac1-Pet1 hM4Di-expressing mice (229% vs. 186.8%, paired t-test, 354 

p=0.0167, t=2.717, df=14), while the ventilatory response of control littermates showed 355 

no significant difference from pre-CNO measurements (207.6% vs. 222.7%, paired t-356 

test, p=0.27).  357 

We then separately examined increases in respiratory rate and tidal volume, to 358 

ascertain if perturbation of Tac1-Pet1 neuron activity differentially affected these two 359 

components of ventilation. The fractional increase in respiratory rate in response to 5% 360 

CO2 was significantly blunted in Tac1-Pet1 hM4Di-expressing mice upon CNO exposure 361 



as compared to pre-CNO levels (1.38 vs. 1.56, paired t-test, p=0.0374, t=2.269, df=16), 362 

whereas the fractional increase in tidal volume in response to 5% CO2 was not 363 

significantly different upon Tac1-Pet1 neuron perturbation (Fig. 2G, H). In control 364 

littermates, the fractional increases in respiratory rate and tidal volume in response to 365 

5% CO2 were not significantly altered upon CNO administration (Fig. 2G, H).   366 

Though these experiments were not designed to best measure the effect of 367 

Tac1-Pet1 neuron suppression on room-air ventilation (rather the time course was 368 

optimized to assess effects on the chemoreflex), we nonetheless also examined the 369 

overall effect of CNO/hM4Di-mediated perturbation on room-air ventilation in both 370 

control and Tac1-Pet1 hM4Di-expressing animals over the course of the experiment. 371 

Room-air ventilation at time point “e” and time point “a” was calculated and the e/a ratio 372 

determined for each animal, importantly allowing each animal to serve as its own control 373 

(Fig. 2I). Each group – control and hM4Di-expressing – showed a similar average ratio 374 

(0.87 vs. 0.92, unpaired t-test, p=0.4375), thus revealing no discernable effects on 375 

room-air ventilation.  376 

Intact body temperature homeostasis in the face of Tac1-Pet1 neuron 377 

perturbation 378 

While acute silencing of all serotonergic neurons en masse results in rapid and 379 

significant hypothermia (Ray et al., 2011), this was not observed upon perturbation of 380 

the Tac1-Pet1 neuron subset. Specifically, after i.p. injection of 10 mg/kg CNO followed 381 

by exposure to ambient 4oC, Tac1-Pet1 hM4Di-expressing male animals (n=8) dropped 382 

only, on average, a maximum of 2.36 +/- 0.32 oC body temperature – an effect similar to 383 



that observed for control male littermates (n=8) which showed a maximum drop of 2.73 384 

+/- 0.31 oC (unpaired t-test, p=0.42). 385 

Tac1-Pet1 neurons project to motor nuclei and the preBötzinger respiratory 386 

rhythm generator  387 

Finding that Tac1-Pet1 neuron activity perturbation blunts the ventilatory 388 

response to hypercapnia (Fig. 2), and that Tac1-Pet1 neurons are located primarily 389 

within the raphe obscurus, a region known to project to motor nuclei within the 390 

brainstem (Loewy, 1981; Thor and Helke, 1987; Ellenberger et al., 1992; DePuy et al., 391 

2011) (Fig. 1), we sought to identify brainstem and spinal cord regions receiving 392 

projections from Tac1-Pet1 neurons. We employed the intersectional reporter allele 393 

RC::FPSiT, which expresses a synaptophysin-GFP fusion in the intersectional neuron 394 

population (Niederkofler et al., 2016) to resolve Tac1-Pet1 axonal boutons within the 395 

brainstem and cervical spinal cord. Synaptophysin is a synaptic vesicle membrane 396 

glycoprotein which has been widely used as a marker of synaptic vesicle-containing 397 

boutons (Nakata et al., 1998; Pennuto et al., 2002; Li et al., 2010). Upon dual-398 

recombination of the RC::FPSiT reporter allele, synaptophysin-GFP is expressed and 399 

trafficked cell-autonomously to axonal boutons in intersectionally labeled neurons. This 400 

approach allows illumination of terminal and en passant axonal boutons upon 401 

fluorescent staining for GFP. In previous work examining the projection patterns of Pet1 402 

raphe neurons, dorsal raphe Pet1 neurons have been found to project mainly to 403 

forebrain areas, while medullary Pet1 raphe neurons projected within the brainstem and 404 

spinal cord (Bang et al., 2011) – although we cannot rule out that dorsal raphe Tac1-405 



Pet1 neurons may contribute to brainstem projections, we presume that the majority of 406 

the innervation presented here originates from medullary Tac1-Pet1 neurons. 407 

Fluorescent staining of synaptophysin-GFP labeled Tac1-Pet1 boutons revealed 408 

a pattern, appreciated in low-magnification images (Fig. 3), of Tac1-Pet1 projections 409 

primarily within motor nuclei, some of which have roles in respiration and airway 410 

patency, including the trigeminal motor nucleus (5N), facial motor nucleus (7N), spinal 411 

accessory nucleus (11N), hypoglossal nucleus (12N) and nucleus ambiguus (NA). 412 

Within the cervical spinal cord, boutons were localized amongst the ventral motor 413 

neurons (VMN), but not sensory neurons in the dorsal horn. A subset of these cervical 414 

spinal ventral motor neurons gives rise to the phrenic nerve, innervating the diaphragm, 415 

the main muscle of respiration. By contrast, the laterodorsal tegmental nucleus (LDTg), 416 

which sends cholinergic projections to subcortical and cortical structures, such as the 417 

thalamus and ventral tegmental area, was devoid of synaptophysin-GFP signal (Fig. 3A, 418 

inset), as was the dorsal motor nucleus of the vagus (10N) (Fig. 3C), which supplies 419 

parasympathetic motor innervation to various cells within the gastrointestinal tract.  420 

After identifying this gross pattern of Tac1-Pet1 projections at low magnification 421 

(Fig. 3), we pursued a higher resolution analysis using confocal microscopy to visualize 422 

terminals in motor regions where Tac1-Pet1 boutons were localized, as well as explore 423 

chemosensory regions of the brainstem. Because nearby Egr2-Pet1 neurons were not 424 

found to send major projections to motor centers known to receive serotonergic 425 

innervation, but rather project heavily to chemosensory integration regions, including the 426 

retrotrapezoid nucleus (Brust et al., 2014) – a known chemosensory site (Mulkey et al., 427 



2015) – our findings point to Tac1-Pet1 neurons as a source of serotonergic projections 428 

to motor nuclei. 429 

We examined each of the motor nuclei identified in Figure 3 as receiving Tac1-430 

Pet1 innervation, as well as chemosensory regions important in respiratory modulation. 431 

Each area was queried in three animals from independent litters; two equivalent 432 

anatomical regions were selected from each animal for imaging (see Methods). 433 

Representative images are shown to demonstrate relative density of synaptophysin-434 

GFP labeled terminals, alongside schematic coronal brainstem sections highlighting the 435 

area of interest (Fig. 4). GFP-mask images, thresholded and processed uniformly 436 

across all areas of GFP fluorescence data, as described in the Methods section, are 437 

shown for ease of terminal visualization (Fig. 4A’’-E’’). Tac1-Pet1 terminals were found 438 

in the trigeminal motor nucleus (Fig. 4A), where serotonergic input may contribute to the 439 

modulation of rhythmic oral activity (Hsiao et al., 2002), as well as the facial motor 440 

nucleus (Fig. 4B), which innervates skeletal muscles of the face, and has been 441 

implicated in respiration in rodents (Zhang et al., 2004). Tac1-Pet1 terminal density was 442 

also found in the nucleus ambiguus (Fig. 4C), which contains branchial motor neurons 443 

contributing to the vagus glossopharyngeal nerves, as well as the hypoglossal nucleus 444 

(Fig. 4D), which innervates the genioglossus, the main muscle of the tongue. The 445 

hypoglossal nucleus is critical for establishing airway patency, is activated during 446 

inspiration, and its output has been shown to be modulated by raphe obscurus neurons 447 

(Peever et al., 2001; Saboisky et al., 2006). Finally, we observed Tac1-Pet1 innervation 448 

in the spinal accessory nucleus (Fig. 4E), which innervates several of the accessory 449 

muscles of respiration. Because many of these regions innervate muscles involved in 450 



actions distinct from respiration, suggested is a possible broader role for Tac1-Pet1 451 

neurons in motor regulation.  452 

Given the role of Tac1-Pet1 neurons in the respiratory chemoreflex, we 453 

hypothesized that these neurons may also innervate brainstem regions involved in 454 

chemosensation and rhythm generation, perhaps at a lower terminal density than was 455 

seen in respiratory motor nuclei within the brainstem and spinal cord, as these areas 456 

have already been shown to receive dense innervation from the Egr2-Pet1 neuron 457 

subtype (Brust et al., 2014). We examined Tac1-Pet1 projections in several 458 

chemosensory regions of the brainstem, using tyrosine hydroxylase to identify cell 459 

bodies as anatomical landmarks for the parabrachial/peri-coerulear region, the C1 460 

adrenergic nucleus, and nucleus of the solitary tract, and NK1R staining to mark the 461 

preBötzinger Complex (preBötC). Representative images are shown to illustrate 462 

qualitative innervation density to these regions (Fig. 5). The parabrachial/peri-coerulear 463 

region, imaged immediately lateral to the crescent-shaped locus coeruleus and 464 

containing dendrites from these neurons, was devoid of Tac1-Pet1 innervation (Fig. 5A), 465 

whereas this region is densely innervated by the Egr2-Pet1 subtype (Brust et al., 2014). 466 

The rostral and caudal nucleus of the solitary tract (NTS), responsible for the integration 467 

of respiratory stimuli from within the brainstem and from the periphery to coordinate 468 

cardiorespiratory control, and likely also chemosensitive themselves, received 469 

projections from Tac1-Pet1 neurons (Fig. 5B, E). The C1 adrenergic nucleus, which 470 

serves to modulate the sympathetic nervous system response to hypercapnia, also 471 

receives Tac1-Pet1 innervation (Fig. 5C). The preBötC, the primary respiratory rhythm 472 

generator, marked by NK1R staining, receives innervation from Tac1-Pet1 neurons as 473 



well (Fig. 5D). Overall, these chemosensory and rhythm generation centers received 474 

qualitatively lower terminal density from Tac1-Pet1 neurons than did the motor regions 475 

examined above, as can be appreciated in the thresholded GFP-mask images (Fig. 5A”-476 

E”). Notably, the chemosensory retrotrapezoid nucleus localized via Phox2b-expressing 477 

cells ventral to the facial nucleus (Stornetta et al., 2006; Guyenet et al., 2010) and the 478 

associated lateral parafacial region involved in expiratory oscillation (Huckstepp et al., 479 

2015) both contained little to no Tac1-Pet1 boutons (Fig. 3D).  480 

Discussion  481 

Diversity among serotonergic neurons is proving substantial (Jensen et al., 2008; 482 

Kim et al., 2009; Deneris, 2011; Hale and Lowry, 2011; Gaspar and Lillesaar, 2012; 483 

Andrade and Haj-Dahmane, 2013; Brust et al., 2014; Spaethling et al., 2014; Fernandez 484 

et al., 2015; Okaty et al., 2015; Niederkofler et al., 2016). Progress towards making 485 

sense of this heterogeneity has been aided by intersectional genetic tools that permit 486 

mechanistic probing of subsets of Pet1 raphe neurons (Jensen et al., 2008; Kim et al., 487 

2009; Dymecki et al., 2010; Ray et al., 2011; Brust et al., 2014; Niederkofler et al., 488 

2016); these tools are applied here to explore a newly accessible subtype of raphe 489 

neuron, the Tac1-Pet1 subtype. We show that CNO/hM4Di manipulation of Tac1-Pet1 490 

neurons in vivo blunts the respiratory chemoreflex, suggesting a stimulatory effect of 491 

these neurons on breathing. Axonal boutons from Tac1-Pet1 neurons appear enriched 492 

in brainstem and spinal cord motor nuclei, many of which are necessary for normal 493 

respiration and airway patency. Tac1-Pet1 neurons are thus likely to exert a substantial 494 

portion of their effect through modulation of motor output. These findings complement 495 

our previously reported work on medullary raphe Egr2-Pet1 neurons. The latter, too, are 496 



required for a robust respiratory chemoreflex, but unlike Tac1-Pet1 neurons, Egr2-Pet1 497 

neurons do not project to respiratory motor centers, rather they preferentially innervate 498 

chemosensory centers and are themselves directly chemoreceptive to hypercapnic 499 

acidosis (Brust et al., 2014). By contrast, Tac1-Pet1 neurons likely do not function as 500 

direct chemoreceptors given the electrophysiological response properties observed for 501 

Pet1 neurons in the raphe obscurus region demarcated by Tac1 expression (Iceman et 502 

al., 2013; Brust et al., 2014; Okaty et al., 2015), though this remains to be tested directly, 503 

as does probing Tac1-Pet1 neurons within the paragigantocellularis lateralis. In sum, 504 

life-sustaining respiratory dynamics rely on brainstem centers including at least two 505 

distinct subtypes of Pet1 raphe neurons: the r5Egr2-Pet1 neuron subtype involved in 506 

detection and processing of CO2 chemosensory input signals (Brust et al., 2014) and 507 

the Tac1-Pet1 subtype likely involved in the modulation of respiratory pre-motor and 508 

motor output during hypercapnic acidosis. 509 

Distinct subtypes of Pet1 raphe neurons impinge on different components of the 510 

respiratory chemoreflex 511 

CNO/hM4Di-triggered perturbation of Tac1-Pet1 neurons blunted the respiratory 512 

chemoreflex to 5% CO2 by a percent difference value of 42 percentage points, 513 

comparable to the effect found following perturbation of Egr2-Pet1 neurons (difference 514 

value of 36 percentage points), or all Pet1::Flpe-expressing neurons (difference value of 515 

36 percentage points) (Brust et al., 2014). This suggests a model of serial action; 516 

perturbation of both subtypes simultaneously – as would occur upon silencing all 517 

Pet1::Flpe neurons – does not lead to a more severe respiratory phenotype than 518 

perturbing either subtype alone. This model is supported electrophysiologically and 519 



hodologically. r5Egr2-Pet1 neurons – raphe magnus constituents - respond directly to 520 

conditions of hypercapnic acidosis (Brust et al., 2014) and efferents restrict to brainstem 521 

chemosensory centers. By contrast, Tac1-Pet1 efferents densely innervate brainstem 522 

centers for respiratory rhythm generation, airway patency, and engagement of muscles 523 

of respiration; moreover, indirect evidence suggests that Tac1-Pet1 neurons, especially 524 

those of the raphe obscurus, are likely not intrinsically chemosensitive (Brust et al., 525 

2014). Supported then is a model in which r5Egr2-Pet1 neurons potentiate the 526 

respiratory chemoreflex via chemosensory input, while Tac1-Pet1 neurons, via 527 

modulation of motor output and rhythm generation. As well, these two Pet1 neuron 528 

subtypes are likely separate cell lineages, occupying distinct raphe territories albeit with 529 

some intermingling, and whole-genome RNA sequencing of pooled and single Egr2-530 

Pet1 neurons and raphe obscurus neurons show no overlap in Tac1 expression – Tac1 531 

transcripts are undetectable in Egr2-Pet1 neurons, and raphe obscurus Tac1+ Pet1 532 

neurons do not express Egr2 (Okaty et al., 2015). 533 

Potentiation of the respiratory chemoreflex by Tac1-Pet1 neurons stemmed from 534 

effects on respiratory rate; by contrast, disruption of Egr2-Pet1 neuron activity affected 535 

both rate and tidal volume (Brust et al., 2014) (and R. Brust, personal communication). 536 

The latter may reflect a more upstream role of chemosensation subserved by Egr2-Pet1 537 

neurons, resulting in engagement of both pathways –frequency and volume – to 538 

increase ventilation in response to hypercapnia. Tac1-Pet1 neurons, though, may 539 

represent only one of the downstream effector groups impinging on respiratory 540 

chemoreflex output. 541 



 Resolution of 5-HT neuron subtype-specific functions helps reconcile debates 542 

regarding 5-HT neurons in the respiratory chemoreflex. Reports arguing against a 5-HT 543 

neuron chemoreceptive function queried raphe obscurus neurons (DePuy et al., 2011), 544 

albeit under isoflurane anesthesia which is known to inhibit 5-HT neuron activity 545 

(Massey et al., 2015); our data too suggest that obscurus neurons are largely non-546 

chemosensitive (Brust et al., 2014) and comprised of Tac1-Pet1 neurons.  Contrastingly, 547 

reports arguing for serotonergic neurons as intrinsic chemoreceptors (Veasey et al., 548 

1995; Richerson, 2004; Hodges and Richerson, 2010; Ray et al., 2011; Iceman et al., 549 

2013; Brust et al., 2014) queried what we now know as r5Egr2-Pet1 neurons – a subset 550 

indeed exhibiting intrinsic chemosensitivity (Brust et al., 2014). Both subtypes (Egr2-551 

Pet1 and Tac1-Pet1) appear critical for the respiratory chemoreflex, but each likely 552 

influencing different parts of the circuit – one, perception of hypercapnic acidosis and 553 

transformation into respiratory drive, the other, output to respiratory pre-motor and 554 

motor centers.  555 

Innervation profile suggests a broader role for Tac1-Pet1 neurons in motor 556 

control 557 

Tac1-Pet1 boutons were found localized to somatic and autonomic motor regions 558 

in the brainstem, in line with more general projection mapping data from raphe obscurus 559 

neurons (Loewy, 1981; Thor and Helke, 1987; Ellenberger et al., 1992; DePuy et al., 560 

2011). Given this widespread innervation of motor targets, Tac1-Pet1 neurons may 561 

comprise part of the serotonergic circuitry that modulates basal motor tone (Jacobs and 562 

Fornal, 1991; 1997; Jacobs et al., 2002). Interestingly, Tac1-Pet1 neurons innervate 563 

face and neck muscles involved in rhythmic oral behaviors, like sucking, licking and 564 



chewing, which require coordination of respiration to prevent aspiration of oral contents. 565 

In cats, these behaviors led to an increase in firing rate among a population of dorsal 566 

raphe neurons, as well as obscurus and pallidus neurons (Veasey et al., 1995; Fornal et 567 

al., 1996). Thus, Tac1-Pet1 neurons may be involved in the modulation of other 568 

rhythmic motor behaviors, for example those requiring coordination with respiration. 569 

Serotonergic neurons have been implicated in other respiratory reflexes, 570 

including long-term facilitation of respiration by repeated exposure to hypoxia. 571 

Stimulation of raphe obscurus neurons in anaesthetized cats leads to long term 572 

potentiation of phrenic nerve output (Millhorn, 1986), thought to represent the source of 573 

facilitation of respiration following either direct stimulation of carotid body afferents 574 

(Millhorn et al., 1980a; 1980b), or exposure to hypoxia (Olson et al., 2001). Further, 575 

depletion of spinal serotonin leads to an attenuation or even abolishment of long term 576 

facilitation in anesthetized rats (Baker-Herman and Mitchell, 2002). Given their location 577 

within the raphe obscurus and projections to spinal cord motor areas, Tac1-Pet1 578 

neurons may indeed be a source of serotonergic input modulating the generation of 579 

respiratory facilitation in response to hypoxia, a question to pursue in future studies.  580 

Tac1-Pet1 neurons, while resident largely within the raphe obscurus and 581 

paragigantocellularis lateralis, can be found to a small extent within raphe pallidus – a 582 

nucleus implicated in thermoregulation by way of projections to the spinal cord 583 

intermediolateral cell column harboring sympathetic output neurons that regulate 584 

shivering thermogenesis and brown fat metabolism (Hale et al., 2011; Morrison and 585 

Nakamura, 2011). Notably though, we observed no defect in thermoregulation upon 586 

CNO/hM4Di-mediated perturbation of Tac1-Pet1 neurons, contrasting the hypothermia 587 



phenotype induced upon suppression of Pet1::Flpe neurons en masse (Ray et al., 588 

2011). These findings suggest that a separate group of serotonergic neurons within the 589 

pallidus modulates this thermogenesis circuit.  590 

Tac1-Pet1 neurons and the sudden infant death syndrome 591 

Serotonergic abnormalities have been linked to several respiratory-related 592 

pathologies, including the sudden infant death syndrome (SIDS) (Kinney et al., 2001; 593 

Kinney, 2009). Serotonin released at respiratory motor neurons appears important for 594 

respiratory plasticity in response to repeated apneic events (Baker-Herman and Mitchell, 595 

2002), while 5-HT-deficient neonatal mice have failed heart rate recovery and excess 596 

mortality in response to hypoxia (Cummings et al., 2011a; Barrett et al., 2016). 597 

Furthermore, neonatal Tac1-/- mice have defects in long-term respiratory facilitation in 598 

response to intermittent hypoxia, and abnormal hypoxic respiratory responses (Berner 599 

et al., 2007), while substance P levels have been found elevated in SIDS cases, 600 

suggesting defects in both the serotonergic and substance P-producing systems in 601 

these infants (Bergström et al., 1984; Obonai et al., 1996; Ozawa and Takashima, 602 

2002). The question of whether Tac1-Pet1 neurons may play a role in respiratory 603 

regulation not only at adult time points, but also at early postnatal ages is an important 604 

one. We have found that Tac1-Pet1 neurons are present as early as postnatal day 8 605 

(data not shown), and future studies will be necessary to determine whether activity of 606 

these neurons is required for maintaining perinatal respiratory homeostasis. 607 

In conclusion, this work confirms the importance of raphe obscurus and 608 

substance P-expressing Pet1 neurons in the control of respiration, and for the first time 609 



aligns anatomical, molecular, functional, and projection data to describe a specialized 610 

subset of Tachykinin1-expressing Pet1 neurons with the ability to modulate breathing. 611 
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 828 

Figure legends 829 

Figure 1. Tac1-Pet1 neurons are located primarily in caudal medullary raphe nuclei and 830 

express Tac1 transcript. A, Intersectional genetic strategy – combination of expressed 831 

transgenes 1 and 2 result in dual Flpe- and Cre-mediated recombination of 832 

intersectional allele, RC::FrePe (knock-in transgene 3) in cells expressing both Tac1 833 

and Pet1. B, Sagittal and coronal schematics of mouse brainstem slices highlighting 834 

anatomical locations of 5-HT raphe nuclei. Intersectionally labeled eGFP-positive cells 835 

were found in the dorsal raphe (C), caudal raphe magnus (E), lateral 836 

paragigantocellularis (F) and raphe obscurus (G), but not in the median raphe, (D); 837 

mCherry marks other (non-Tac1-expressing) Pet1 neurons. Scale bars 200 m. H-M, 838 

Tac1 transcript (red) was localized within all eGFP transcript positive (green) cells 839 

examined in the raphe obscurus in Tac1::IRES-cre, Pet1::Flpe, RC::FrePe tissue. Tac1 840 

transcript (I, L), and eGFP transcript (J, M) shown separately in grayscale. Scale bars 841 

50 m. 842 

Figure 2. Acute silencing of Tac1-Pet1 neurons results in a decrease in ventilation at 843 

5% CO2. Intersectional DREADD allele shown in A. Experimental design shown in B. 844 

After an initial period of acclimation, experimental adult animals and littermate controls 845 



are exposed to 5% CO2, then returned to room air, briefly removed from the chamber for 846 

i.p. injection of 10 mg/kg CNO and placed back in room air. Animals were then exposed 847 

to 5% CO2 a second time, followed by another period of room air breathing in 12 848 

animals from each group. Gray boxes (a-d) indicate time intervals used for data analysis. 849 

C-E, Baseline measurements of E, respiratory rate (RR), and tidal volume (VT) in 850 

control (n=14) and Tac1::IRES-cre, Pet1::Flpe, RC::FPDi (“Tac1-Pet1 hM4Di”) animals 851 

(n=15) before CNO injection were not significantly different. Each circle represents one 852 

animal, error bars represent standard error of the mean. F, Average percent increase in 853 

ventilation ( E) before CNO injection (Pre-CNO, E 
b/ E 

a * 100%) and minutes following 854 

CNO injection (Post-CNO, E 
d/ E 

c * 100%) in control and Tac1-Pet1 hM4Di animals. 855 

Error bars are standard error of the mean. G-H, Average fractional increase in 856 

respiratory rate (RR) or tidal volume (VT) to 5% CO2 before and after CNO injection. I, 857 

Change in room air ventilation after CNO administration as compared to baseline ( E 
e 858 

/ E 
a) in control (n=12) and Tac1-Pet1 hM4Di animals (n=12). See Results for numerical 859 

data and statistical tests. 860 

Figure 3. Tac1-Pet1 terminals primarily target respiratory and airway motor nuclei. 861 

Coronal brainstem sections from Tac1::IRES-cre, Pet1::Flpe, RC::FPSiT animals were 862 

stained for synaptophysin-GFP (green) to visualize terminals, choline acetyltransferase 863 

(red) to identify motor neurons, and Phox2b (magenta) to mark retrotrapezoid nucleus 864 

neurons. A, Trigeminal motor nucleus receives Tac1-Pet1 projections, (5N) while the 865 

laterodorsal tegmental nucleus (LDTg) does not. B, The facial motor nucleus (7N) 866 

contains Tac1-Pet1 projections. C, Dorsal motor nucleus of the Vagus nerve (10N) does 867 

not receive projections, while the hypoglossal nucleus (12N) and nucleus ambiguus 868 



(NA) contain synaptophysin-GFP staining. D, Retrotrapezoid nucleus (RTN) does not 869 

receive projections, and lies ventral to the 7N, which is positive for Tac1-Pet1 870 

projections. E, Spinal accessory nucleus (11N) and F, Ventral motor neurons (VMN) in 871 

the cervical spinal cord both receive projections from Tac1-Pet1 neurons. In addition to 872 

marking axonal boutons, there is sufficient syn-GFP expression to mark Tac1-Pet1 cell 873 

bodies, as seen in C. Marked by asterisks, prominent autofluorescence highlights the 874 

entering vestibulocochlear nerve tract (A) and the dorsolateral spinocerebellar tracts in 875 

D and E.  876 

Figure 4. Tac1-Pet1 neurons project densely to specific motor nuclei within the 877 

brainstem. Sagittal mouse brain schematic illustrating areas queried shown in A. 878 

Intersectional RC::FPSiT allele shown in B. Representative images shown with 879 

corresponding adjacent coronal brainstem schematic for the trigeminal motor nucleus 880 

(C), facial nucleus (D), nucleus ambiguus (E), hypoglossal nucleus (F), and spinal 881 

accessory nucleus (G). Immunostained Tac1::IRES-cre, Pet1::Flpe, RC::FPSiT tissue 882 

(n=3 animals, 2-4 confocal stacks per animal) shown as maximum intensity projections 883 

of imaged confocal stacks, with synaptophysin-GFP puncta (green) from intersectional 884 

Tac1-Pet1 cells co-localized with ChAT immunostaining (red) and DAPI (blue) (C-G), 885 

and synaptophysin-GFP puncta with DAPI only (C’-G’). In (C”-G”), thresholded GFP 886 

mask images (see Methods) are shown for ease of visualization, highlighting the relative 887 

terminal density in regions throughout the brainstem. Scale bars 50 m. 888 

Figure 5. Tac1-Pet1 neurons project sparsely to chemosensory and rhythm generation 889 

regions within the brainstem. Sagittal mouse brain cartoon illustrating areas queried 890 

shown in A. Intersectional RC::FPSiT allele shown in B. Representative images shown 891 



with corresponding adjacent coronal brainstem schematic for the parabrachial/locus 892 

coeruleus region (C), the rostral nucleus of the solitary tract (D), the pre-Bötzinger 893 

complex (E), the C1 nucleus (F) and the caudal nucleus of the solitary tract (G). 894 

Immunostained Tac1::IRES-cre, Pet1::Flpe, RC::FPSiT tissue (n=3 animals, 2-4 895 

confocal stacks per animal) shown as maximum intensity projections of imaged confocal 896 

stacks, showing synaptophysin-GFP (green) labeled terminals co-localized with TH or 897 

NK1R immunostaining (red) and DAPI (blue) in (C-G). DAPI and GFP terminals alone 898 

are shown in (C’-G’), and thresholded GFP mask images (see Methods) in (C”-G”). 899 

Scale bars 50 m. 900 

Figure 6. Summary of Tac1-Pet1 innervation, cell body locations, and Pet1 neuron 901 

subtypes in the respiratory chemoreflex. A, Schematic illustrating regions receiving 902 

Tac1-Pet1 projections throughout the brainstem and spinal cord, and locations of cell 903 

bodies within the raphe nuclei. B, Contrasting roles of Egr2-Pet1 and Tac1-Pet1 904 

neurons in respiratory chemoreflex. Egr2-Pet1 neurons have been shown respond 905 

directly to decreased pH, while direct recordings of Tac1-Pet1 neurons have not yet 906 

been performed. Both Tac1- and Egr2-Pet1 neuron subsets project to chemosensory 907 

regions, while only Tac1-Pet1 neurons project to motor nuclei within the brainstem. C. 908 

Effect of silencing Egr2-Pet1 and Tac1-Pet1 subsets on the respiratory rate and tidal 909 

volume components of the respiratory chemoreflex. 910 
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